The ATP-binding cassette (ABC) transporter TAP translocates peptides from the cytosol to awaiting MHC class I molecules in the endoplasmic reticulum. TAP is made up of the TAP1 and TAP2 polypeptides, which each possess a nucleotide binding domain (NBD). However, the role of ATP in peptide binding and translocation is poorly understood. We present biochemical and functional evidence that the NBDs of TAP1 and TAP2 are non-equivalent. Photolabeling experiments with 8-azido-ATP demonstrate a cooperative interaction between the two NBDs that can be stimulated by peptide. The substitution of key lysine residues in the Walker A motifs of TAP1 and TAP2 suggests that TAP1-mediated ATP hydrolysis is not essential for peptide translocation but that TAP2-mediated ATP hydrolysis is critical, not only for translocation, but for peptide binding.
M
ajor histocompatibility complex (MHC) class I molecules bind 8-to 10-aa peptides in the endoplasmic reticulum (ER). Candidate class I binding peptides are translocated from their site of generation in the cytosol into the lumen of the ER by the TAP (transporter associated with antigen processing) transporter (reviewed in refs. 1 and 2), an integral ER membrane protein whose two subunits, TAP1 and TAP2, are encoded within the MHC. Together with tapasin and the ER resident chaperones calreticulin and ERp57, TAP forms the nucleus of the class I ''loading complex,'' a macromolecular structure that potentiates peptide binding to newly synthesized class I molecules (3) .
TAP is a member of the ATP-binding cassette (ABC) superfamily of transporters (reviewed in refs. 4 and 5) , which use ATP hydrolysis to move a variety of solutes across cellular membranes or to regulate the opening of associated ion channels. ABC transporters share a common architecture consisting of two hydrophobic, polytopic transmembrane domains and two hydrophilic nucleotide binding domains (NBDs). The hydrophobic domains are specialized to interact with the transported solute or ion channel and generally share little homology. The cytosolic NBDs act as molecular motors that hydrolyze ATP and are highly conserved (4, 5) . Both TAP subunits consist of an N-terminal hydrophobic domain followed by a C-terminal NBD. The peptide-binding site is composed of residues located on the membrane-spanning domains (6) and can accommodate a wide variety of peptides, ranging in length from 8-16 residues (7).
The NBDs of both TAP1 and TAP2 contain sequence motifs that are common to all ABC transporters. These include the Walker A and B motifs, sequences involved in ATP hydrolysis, and the ABC signature motif (or C-loop; ref. 4) . Whereas TAP function clearly requires ATP hydrolysis, because the non-hydrolyzable analogue ATP␥S blocks peptide translocation (8) , relatively little is known about the process of peptide translocation across the ER membrane. ATP may play a role in peptide binding because, although ATP␥S has no effect on peptide binding, mutations in the NBDs of TAP1 and TAP2 that abolish nucleotide binding were found to prevent it (9) . Here we have used two approaches to investigate the role of ATP in peptide binding and translocation. Using the ATPase inhibitor sodium orthovanadate, we find evidence of a cooperative interaction between the NBDs of TAP1 and TAP2. Furthermore, by comparing TAP function in cell lines expressing mutant TAP1 and͞or TAP2 polypeptides, we present evidence that the NBDs of TAP1 and TAP2 play different roles in peptide binding and translocation.
Flow Cytometric Analysis. Flow cytometry was performed as previously described (21) .
Immunoblot Analysis and TAP Quantification. Blots were performed as described (22) , and reactive bands were detected by chemiluminescence (Pierce). TAP levels in the T2 transfectants were quantitated by fluorimagery as described (21) using calnexin as control for cell equivalents and gel loading.
Generation of T2 Transfectant Cell Lines. Transfectants were generated by electroporation (Gene Pulser, Bio-Rad; Ref. 21 ). T2 cells (10   7   ) were transfected with 20 g of wild-type or mutant TAP1-pCDM8 and 1 g of pMCFR-puro and selected on irradiated HeLa cell feeders using puromycin (500 ng͞ml). Transfection of the T2.TAP1 (wild-type) and T2.TAP1 (KϾA) cell lines with the TAP2 cDNAs used 20 g of either wild-type or mutant TAP2-pCDM8 and 1 g of pMCFR-neo, selecting in 1 mg͞ml G418. Transfectants were identified by immunoblotting.
Transient Expression of Individual TAP Polypeptides. TAP cDNAs were transiently expressed in HeLa cells by infecting with a T7 polymerase encoding recombinant vaccinia virus (vTF7-3) followed by transfection with the plasmid (23) . The lacZ-pCDM8 plasmid was used as a negative control and to monitor transfection efficiencies. 3 ATP␥biotin (Affinity Labeling Technologies, Lexington, KY) was lyophilized in the dark and resuspended in TBS (pH 7.0). Ten microliters of diluted 8-azido-ATP was incubated with the cell lysate for 15 min to allow ATP binding. For assays with sodium orthovanadate (Sigma), the vanadate was preincubated for 2.5 min before the addition of the 8-azido-ATP. The 96-well plate was exposed to short-wave UV (254 nm, Spectroline model XX-15F) for 2.5 min, and 2 l of 200 mM DTT added. After 5 min, TBS containing 1% digitonin and 5 mM IAA was added. After immunoprecipitation with either the 148.3 mAb or the R.RING11 antiserum, the samples were analyzed by SDS͞ PAGE and either autoradiography ([␣-32 P]8N 3 ATP) or immunoblot analysis (8N 3 ATP␥biotin) using Extravidin-HRP (Sigma).
ATP-Agarose Binding Assay. TAP1 and TAP2 binding to ATPagarose was assayed by using HeLa cells infected with the vTF7-3 vaccinia virus and transfected with the indicated plasmid. Cells (10 6 ) were solubilized in 50 l of TBS containing 1% digitonin, 200 mM L-arginine (Sigma), 5 mM MgCl 2 , 0.5 mM PMSF, 0.1 TLCK, and 5 mM IAA. Glycerol (50 l) was added to the postnuclear supernatant before incubation at 4°C for 72 h. Fifty microliters of ATP-agarose (N-6 attachment; Sigma) was added, and the sample was rotated for 24 h at 4°C. After centrifugation for 30 min at 15,000 ϫ g, the supernatant was stored at 4°C while the pellet was washed three times in TBS containing 0.1% digitonin, 200 mM L-arginine and 5 mM MgCl 2 . Samples were solubilized in SDS sample buffer with 10 mM EDTA and analyzed by immunoblotting with the 148.3 mAb. For the T2 transfectants, the cells were solubilized as described above, and 50 l of ATP-agarose was incubated with the postnuclear supernatant for 1 h at 4°C. After washing, the proteins were eluted and analyzed as above. mAbs and endo H (Boehringer Mannheim) treatments were performed as previously described (19) before separation by SDS͞ PAGE and PhosphorImager analysis (Cyclone, Packard).
Membrane Preparation and TAP Photoaffinity Labeling. Membranes were prepared by freeze-thaw lysis of 10 8 cells and photoaffinity labeled as described (21) .
Peptide Translocation Assay. Peptide translocation was carried out on Streptolysin O (2 units͞ml; Murex, Norcross, GA) permeabilized cells as previously described (19, 21) .
Chemical Cross-Linking of TAP in Membrane. Membranes were prepared from 10 7 cells by freeze-thaw lysis (21) in 150 mM NaCl, 20 mM bicine containing 10 mM IAA. The membrane pellet was resuspended in 500 l of ICT buffer (50 mM Hepes͞78 mM KCl͞4 mM MgCl 2 ͞8.37 mM CaCl 2 ͞10 mM EGTA͞1 mM DTT, pH 7.0). One hundred-microliter (2 ϫ 10 6 cell equivalents) aliquots were incubated for 1 h on ice in the presence of 10 M SRYWAIRTR or ICP47 peptide. The homobifunctional crosslinker ethylene glycol bis (succinimidyl succinate) (EGS; Pierce) was added to 1 mM, and the samples were rotated for 30 min at 4°C (24) . The reaction was quenched by the addition of glycine (100 mM). The cross-linked membranes were washed twice at 4°C with ICT buffer (without BSA), solublized in SDS sample buffer, and analyzed by SDS͞PAGE and immunoblot analysis with the 148.3 mAb.
Results

Vanadate-Enhanced Binding of ATP Reveals Cooperative Interaction
Between the NBDs of TAP1 and TAP2. We used the ATP analog [␣- (Fig. 1 A) .
To assess whether the NBDs of TAP interact, we investigated the effect of vanadate on 8-azido-ATP photolabeling. Vanadate is a potent inhibitor of the ATPase activity of most ABC transporters (4) (Fig. 1 A) . Enhancement was maximal at 800 M vanadate and was sensitive to the number of cell equivalents and the concentration of [␣-32 P]8N 3 ATP used. A suboptimal concentration of [␣-32 P]8N 3 ATP (2.5 M) and a high number of cell equivalents (4.4 ϫ 10 6 ͞sample) were necessary to observe enhancement ( Fig. 1 A) .
Vanadate-enhanced photolabeling can occur by two nonexclusive mechanisms. Vanadate may trap the hydrolysis product of the photolabel, [␣-32 P]8N 3 ADP, in the NBD, or, if a cooperative interaction exists between two NBDs, the effect may be indirect. For many ABC transporters, binding of ADP to one NBD leads to an increase in ATP binding by the second (27) (28) (29) . By trapping an ADP at one NBD, vanadate can enhance photolabeling of the second by this increase in affinity. To determine the mechanisms responsible for vanadate-enhanced photolabeling of TAP, we used a non-hydrolyzable 8-azido-ATP analogue, 8N 3 ATP␥biotin, in which a biotin group is attached to the terminal phosphate of ATP. Specific labeling of TAP with this compound is shown in Fig. 1B . Lysates of Pala cells were prepared as for [␣-32 P]8N 3 ATP, but photolabeling of TAP by the 8N 3 ATP␥biotin was assayed by immunoblotting with streptav idin-horseradish perox idase (HRP). Labeling w ith 8N 3 ATP␥biotin, although not saturable in the range tested (2.5-70 M; data not shown), required UV-activation, was inhibited by both ATP and 8-azido-ATP, and was not seen in TAP-negative T2 cells (Fig. 1B) .
Vanadate strongly enhanced TAP labeling by 8N 3 ATP␥biotin (Fig. 1C, lanes 1 and 2) . Because ATP␥-biotin cannot be hydrolyzed, there must be at least two NBDs involved, one where vanadate has stabilized ADP (NBD-ADP-V i ) and a second where 8N 3 ATP␥biotin has bound (NBD-ATP␥biotin). To determine which polypeptide was binding the ATP␥biotin, we denatured TAP in 0.5% SDS before immunoprecipitating with TAP1-and TAP2-specific antibodies. ATP␥biotin exclusively labeled TAP1, and the labeling was strongly enhanced by vanadate (Fig. 1D) . These results suggest that [assuming a simple 1:1 stochiometry of TAP1:TAP2 (30)] vanadate is binding predominantly to TAP2, which promotes binding of ATP␥biotin to TAP1.
Peptide Binding to TAP Enhances Photolabeling with ATP. Because vanadate strongly enhanced the labeling of TAP by 8N 3 ATP␥biotin, it was important to determine whether peptide had a similar effect. Although less dramatic than vanadate, the TAP-binding peptide (20 M; SRYWAIRTR) also enhanced 8-azido-␥-biotin-ATP photolabeling of TAP (Fig. 1C, lanes 1  and 3) .
TAP1 and TAP2 Polypeptides Lacking the Walker A Lysine Retain the
Ability to Bind ATP. The NBDs of ABC transporters contain a conserved sequence motif (GxxGxGKT͞S), known as the Walker A motif or phosphate-binding loop (P-loop) (31, 32) . The Walker A motif is involved in holding the ␥-and ␤-phosphoryl groups of nucleotides in the optimal position for hydrolysis (32, 33) . The conserved lysine residue participates in the positioning of the terminal phosphate of ATP and is thought to stabilize the reaction transition state (34) . Mutating the lysine inhibits hydrolytic activity without, in most cases, affecting ATP binding (32, 35) . To explore the role of ATP hydrolysis in peptide translocation, we generated mutant polypeptides in which the ''Walker lysine'' was mutated to an alanine (K544A TAP1 and K509A TAP2). To confirm that ATP binding had been retained, wild-type and mutant TAP1 and TAP2 polypeptides were transiently expressed in HeLa cells by using a vaccinia virus-based system (23) . The faint band seen in the lacZ-transfected control lanes ( Fig. 2 A and B) represents the low level expression of endogenous TAP in HeLa cells. We failed to demonstrate ATP binding to the mutated TAP1 or either of the TAP2 polypeptides (data not shown). We suspected this problem might be due to slow dissociation of prebound nucleotides and͞or poor solvent accessibility of the TAP2 NBD. Accordingly, we assayed binding by using a glycerol-based procedure developed to displace tightly bound and solvent-inaccessible nucleotides from the mitochondrial F1-ATPase (36). We found that both the wild-type and mutant TAP1 and TAP2 bound to ATP-agarose ( Fig. 2 A and  B) . Binding was inhibited by 5 mM ATP (Fig. 2 A and B) and did not occur on unmodified or Protein-A-conjugated agarose (data not shown). The difficulty showing ATP binding by mutant TAP1 is probably because it is less stable than the wild type (data not shown). We consistently recovered less mutant TAP1 in our HeLa cell lysates (Fig. 2 A, lanes 3 and 5) . We cannot, however, exclude the possibility that the KϾA mutation, against our expectations, has significantly reduced ATP binding affinity.
The majority of TAP2 bound to the ATP-agarose, whereas significant amounts of TAP1 remained in the supernatant (Fig.  2 A) . TAP1 may have a lower affinity for ATP than TAP2, but this possibility seems at odds with our own and published photolabeling results (37, 38) . It seems more likely that TAP1 is in rapid and reversible equilibrium with the ATP-agarose, whereas TAP2 is not. This result is reminiscent of the F1-ATPase, in which one NBD can engage in rapid and reversible binding of nucleotides whereas the other exchanges bound nucleotides slowly and only in the presence of glycerol (36) .
Reconstitution of T2 with Wild-Type and Mutant TAP Polypeptides.
Four T2 transfectants were generated, expressing all possible combinations of mutant and wild-type TAP1 and TAP2 genes ( Table 1 ). The reconstituted cell lines do not express equivalent amounts of TAP. Analysis of more than 100 transfectants expressing mutant TAPs showed that these were consistently expressed at lower levels than their wild-type counterpart. The relative levels of TAP were quantitated by fluorimagery (Table  1) . Equivalent numbers of each cell type were used in all subsequent experiments.
We examined the ATP-binding capacity of TAP in the reconstituted cell lines. Although all bound to ATP-agarose, TAP heterodimers containing a wild-type TAP1 polypeptide reached steady-state levels of binding within 30 min, whereas TAP heterodimers containing a mutant TAP1 did not reach steady state within 72 h (Fig. 2 C and D) . The rate of ATP-agarose binding was slowest for the TAP heterodimer composed of both a mutant TAP1 and TAP2, indicating that hydrolysis at TAP2 does have some influence on ATP binding by TAP. This effect is minor, however, in the presence of a wild-type TAP1 polypeptide (compare Fig. 2C , lanes 2 and 6). Consistent with our photolabeling experiments, these results indicate that the TAP heterodimer binds to ATP primarily via the TAP1 polypeptide. This process is affected by the Walker lysine substitution, suggesting that rapid interaction with ATP involves ATP hydrolysis, perhaps of prebound ATP molecules. Differential reactivity with both 8N 3 ATP and ATP-agarose shows that the NBDs of TAP1 and TAP2 are biochemically distinct. TAP1 appears to be engaged in rapid interaction with ATP in the solvent, whereas TAP2 has a low affinity for ATP, a much slower rate of hydrolysis, or is relatively solvent inaccessible and therefore has a slow rate of nucleotide binding and exchange.
Rescue of HLA-B51 Expression in T2 Cells Requires a Wild-Type TAP2, but Not TAP1 Polypeptide. To assess the functional consequences of the TAP (KϾA) mutation, we analyzed cell surface HLA-B51 expression in the reconstituted cell lines. As expected, T2 expressing a fully wild-type transporter expressed HLA-B51 at high levels (Fig. 3A) . The cell line expressing a wild-type TAP1 and mutant TAP2 had very low levels of surface HLA-B51 and the double mutant cell line showed no rescue of class I expression. Surprisingly, the mutant TAP1 cell line expressed significant levels of surface HLA-B51 (Fig. 3A) . Pulse-chase analysis confirmed that the TAP1 mutant cell line assembles HLA-B51 molecules at a decreased, but measurable rate (data not shown). This unexpected result suggests that nucleotide hydrolysis by TAP1 is less critical for TAP function than hydrolysis by TAP2.
Peptide Binding Requires a Catalytically Active TAP2. Peptide binding to TAP expressed in the reconstituted cell lines was quantitated by using an iodinated, photoactivatable reporter peptide, [ 125 I]KB11-HSAB (19) . Cell membranes were incubated with the reporter peptide for 15 min at 25°C, placed on ice, and illuminated with UV light. The photolabeled membranes were solubilized in detergent, and TAP-associated counts were quantitated after immunoprecipitation with anti-TAP1 antibodies. TAP-specific labeling was seen in the T1 parent cell line as well as the fully wild-type TAPreconstituted T2, but was absent from the TAP-negative T2 cell line. TAP complexes containing a mutant TAP2 did not detectably bind peptide (Fig. 3B) , whereas those containing wild-type TAP2 and mutant TAP1 did. Interestingly, once differences in the level of TAP expression are taken into account (Table 1) , TAP isolated from the TAP1 mutant cell line appears to bind peptide better than fully wild-type TAP.
Low Levels of Peptide Translocation Can Be Detected in Cells Express-
ing Catalytically Inactive TAP1. TAP-mediated translocation of peptides into the ER was assessed by using an iodinated reporter peptide containing an N-linked glycosylation motif (8) . The iodinated reporter was introduced into the cytosol of Streptolysin O (SLO)-permeabilized cells, translocation allowed to proceed at 37°C for 1 to 3 min, and glycosylated reporter peptide recovered from cell extracts by using Con A-Sepharose. TAP containing a mutant TAP2 does not translocate peptide, which is not surprising because this TAP cannot bind peptide (Fig. 3C) . Translocation was detectable but low in the TAP1 mutant cell line, consistent with the class I cell surface expression data (Fig.  3A) . This level of translocation is particularly significant in that the TAP1 mutant cell line expresses 80% less TAP than the wild-type cell line (Table 1) .
Peptide Dependent Cross-Linking of TAP1 and TAP2 Occurs Only in the Presence of a Wild-Type TAP2 Polypeptide. Lacaille and Androlewicz demonstrated conformational changes in TAP using the cross-linking agent, EGS (24) , which cross-links TAP1 to TAP2. Formation of the cross-linked product is enhanced by transportable peptides and inhibited by the minimal ICP47 peptide. It was proposed that peptide binding leads to conformational changes that bring the solvent-exposed portions of TAP1 and TAP2 together, facilitating intramolecular crosslinking (24) . To determine whether the mutant TAPs could undergo peptide-induced conformational changes, cell membranes from the reconstituted cell lines were incubated with EGS. Cross-linking of TAP was observed in both the wild-type and the mutant TAP1 cell lines (Fig. 4) , and formation of the cross-linked species was strongly enhanced by the addition of peptide. This result suggests that the conformational change detected by EGS does not require ATP hydrolysis by TAP1. No cross-linked product was detected in membranes prepared from either the TAP2 mutant or the double-mutant cell line, even after addition of peptide (Fig. 4) , consistent with the observed lack of peptide binding to the TAP expressed in these cell lines.
Discussion
TAP is the conduit providing cytosolic peptides with access to the ER. Our results suggest that ATP is required for not only powering peptide transport but also for regulating transitions between different conformational states of TAP. Using the ATPase inhibitor sodium orthovanadate, we find evidence of cooperative interaction between the ATP hydrolyzing domains of the TAP1 and TAP2 subunits. The photoactivatable ATP analogue, 8-azido-␥-biotin-ATP, preferentially labeled TAP1, an effect strongly enhanced by vanadate, which acts by trapping ADP in a nucleotide binding site. Because the biotinylated ATP is non-hydrolyzable, vanadate-enhanced labeling must involve at least two nucleotide binding sites. The simplest interpretation of our data is that, after ATP hydrolysis on TAP2, vanadate trapping of the residual ADP enhances ATP binding by TAP1 via a cooperative interaction between the two NBDs. Peptide also enhanced photolabeling of TAP by ATP. Although the strength of the signal was too weak to allow TAP subunit analysis, it seems likely that peptide binding to TAP also enhances ATP binding on TAP1. Similar cooperativity has been observed in other ABC transporters, the best characterized example being Pgp. Both NBDs of Pgp must be catalytically active to confer multidrug resistance (35) , indicating cooperative function and interdependence. Inactivation of just one NBD of Pgp leads to complete loss of ATP hydrolysis. Despite this requirement for two NBDs, the two ATPhydrolyzing domains of Pgp appear to be functionally equivalent; hydrolysis by either NBD can transport a drug molecule out of the cell (26) . This functional equivalence is reflected at the biochemical level-in the presence of vanadate, photolabeling occurs with equal probability at either of the NBDs (39).
Vanadate-trapping experiments with CFTR (27), SUR1 (28) , and MRP1 (29) indicate clear biochemical and functional differences between their two NBDs, in that photolabeling occurs preferentially on the N-terminal NBD (NBD1). This result is analogous to our findings, because TAP1 is homologous to the N-terminal half of these transporters. Furthermore, vanadate trapping of ADP on SUR1 and MRP1 occurs almost exclusively at NBD2 and is associated with an increased affinity for ATP at NBD1. This biochemical asymmetry suggests a functional dichotomy between the two NBDs of CFTR, SUR1, and MRP1. Functional studies have confirmed that the NBDs of these proteins are non-equivalent, each involved in a different stage of the transport or conductance cycle (29, (40) (41) (42) .
Our photolabeling data suggested similar functional differences between TAP1 and TAP2. To explore this possibility, we mutated the Walker A lysine of TAP1 and TAP2 to an alanine. This substitution should eliminate ATP hydrolysis, based on results obtained with Pgp and many other ATPases (32, 35) . Although critical for hydrolysis, the Walker A lysine is generally not required for ATP binding, and, as expected, both mutant TAP polypeptides retained the ability to bind ATP (Fig. 2) . We assessed the ability of TAP dimers containing the mutant TAPs to bind ATP-agarose. As the photolabeling data suggested, only TAP dimers containing wild-type TAP1 bind ATP efficiently. TAP dimers containing a mutant TAP1 bound to ATP-agarose very slowly. The fact that TAP1 reacts more readily with ATP in solution than TAP2 has been observed in previous studies (37, 38, 43) . C-terminal fragments of TAP, encoding just the NBD, have been expressed in Escherichia coli and insect cells. Whereas the NBD of TAP1 binds efficiently to ATP-agarose and is readily labeled by 8-azido-ATP, the TAP2 NBD shows comparatively little nucleotide binding activity. This may be because the NBD of TAP2 has a low affinity for ATP. Alternatively, TAP2 may contain a tightly bound, slowly exchanging nucleotide, or an ATP-binding site that is not fully solvent accessible, despite reacting with vanadate. Because incubation in glycerol promoted binding of TAP2 to ATP-agarose, we favor the latter explanation.
Previous experiments suggested that peptide binding to TAP did not require nucleotide (15, 18) . This conclusion has recently been questioned by studies of the effect of mutations within the Walker A site that eliminate ATP binding (9) . Mutant TAP heterodimers unable to bind ATP on either TAP1 or TAP2 were also unable to bind peptide (9), a result difficult to reconcile with previous findings that peptide binding was unaffected by ATP depletion. Our data suggest a possible explanation for these apparent contradictions. Although we find that ATP hydrolysis by the NBD of TAP2 is critical for peptide binding, the nucleotide binding site does not appear to be in ready equilibrium with the solvent phase. Hence, depletion of ATP is unlikely to have an effect on the TAP2 NBD. Only by mutating the ATP binding site itself was it possible to see the dependence of peptide binding on nucleotides. Because the mutants derived by Knittler et al. (9) had lost the ability to bind ATP, they could not determine whether ATP hydrolysis was involved in peptide binding. Nor could they ascertain whether the TAP1 or TAP2 mutation eliminated peptide binding.
The mutations we introduced into the NBDs were designed to allow analysis of the role of ATP hydrolysis in transporter function. By generating cell lines expressing different combinations of mutant and wild-type TAP1 and TAP2, we were able to analyze their individual contributions to peptide translocation. The studies revealed that ATP hydrolysis by TAP2, but not TAP1, is critical for transporter function. Several independent lines of evidence indicate that the ATPase activity of TAP2 is required for TAP to bind cytosolic peptides. First, peptide binding to wild-type TAP enhances photolabeling by 8-azido ATP compounds in a manner similar to vanadate (Fig. 1C) . This result suggests that peptide binding is linked to the acquisition of an ADP by TAP2, i.e., peptide binding promotes ATP hydrolysis by TAP2. This type of soluteinduced ATPase activity has been reported for several ABC transporters, the best characterized being Pgp, where the basal rate of ATP hydrolysis is enhanced by substrate binding. Second, TAP heterodimers containing the mutant TAP2 did not bind peptide. The mutation on TAP1 did not affect the efficiency of peptide binding, indicating that only the ATPase activity of TAP2 is required for this stage of the translocation process. Finally, peptide binding has been shown to produce conformational changes in TAP (24) . In our mutant cells, loss of hydrolysis by TAP2, but not TAP1, prevents TAP from assuming the conformation detected by crosslinking. Peptide-induced conformational changes of TAP have also been demonstrated by measuring the fluorescence quenching of fluorophore-labeled peptides (44) . The capture of peptide was shown to be a two-stage process-a fast bimolecular association step, followed by a slower intramolecular isomerization. We suggest that the first step is the hydrolysis-driven capture of peptide, which produces local conformational changes that are propagated to more distal portions of the transporter. The proposed early events in peptide transport by TAP are depicted in Fig. 5 .
ATP hydrolysis by TAP1 is not essential for peptide translocation (Fig. 3) . The observed reduction in peptide transport in the TAP1 mutant may largely be explained by reduced TAP levels (Table 1) . Whereas ATP hydrolysis on TAP2 must occur early in the transport cycle, the results of the vanadate experiments indicate that ATP binding by TAP1 occurs later, secondary to hydrolysis at TAP2. Similarly, the EGS cross-linking results place ATP hydrolysis by TAP1 downstream of hydrolysis by TAP2, but as yet we are unable to further clarify the role of TAP1. ATP hydrolysis on TAP1 may be involved in later stages of the translocation cycle, such as returning the transporter to its initial state, or in regulating TAP activity in response to other signals, such as the availability of class I molecules or the intracellular nucleotide concentration.
There are several interesting structural features that may provide clues to functional differences between the TAP subunits. A recent structure of the RAD50 ATPase DNA repair enzyme, which shares sequence similarity with the NBDs of ABC transporters, established a critical role for the conserved ''LSGGQ'' ABC signature motif (45) . In the RAD50 homodimer, the serines of each signature motif form hydrogen bonds with the ␥-phosphate of the ATP bound by the opposing RAD50 subunit. Modeling of the TAP NBDs using the RAD50 structure suggests that the canonical signature motif of TAP1 (LSGGQ) forms hydrogen bonds with the ␥-phosphate of the ATP bound to TAP2. TAP2, however, does not have reciprocal interactions with the ATP bound to TAP1, because the TAP2 signature motif (LAAGQ) is missing the necessary serine residue, and ATP hydrolysis at this site is predicted to be impaired (K. P. Hopfner, personal communication). Not only is the absence of this serine unique among ABC transporters, but a mutation at this site in CFTR (S549R) is responsible for some cases of cystic fibrosis (46) . The lack of a serine in the TAP2 signature motif would be predicted to decrease the rate of ATP hydrolysis by TAP1, suggesting a possible mechanism underlying the functional asymmetry observed in this study.
